In this study, a type-2 fuzzy simulation method (TFSM) is developed for modeling hydrological processes associated with vague information through coupling type-2 fuzzy analysis technique with the semi-distributed land use based runoff processes (SLURP) model. TFSM can handle fuzzy sets with uncertain membership function related to hydrological modeling parameters and reveal the effects of such uncertain parameters on the hydrological processes. Streamflow calibration and verification are performed using the hydrological data for the Kaidu River Basin, China. The statistical values of Nash-Sutcliffe efficiency, determination coefficient, and deviation of volume indicate a good performance of SLURP in describing the streamflow at the outlet of the Kaidu River Basin. Based on TFSM, the effects of four uncertain parameters such as precipitation factor (PF), maximum capacity for fast store, retention constant for fast store (RF), and retention constant for slow store, on the hydrological processes are analyzed under different α-cut levels. Results demonstrate that the uncertainty associated with PF has significant effect on the simulated streamflow, while the uncertainty associated with RF has slight effect among the four parameters. These findings are helpful for improving efficiency in hydrological prediction and enhancing the model applicability.
INTRODUCTION
Investigating the dynamic characteristic of hydrological processes as well as the detailed information on streamflow response is of vital significance for conserving and restoring the eco-environment in arid and semi-arid regions. Hydrological models are important tools for providing catchment management with information on the interaction of water, energy, and vegetation processes distributed over space and time in a way that cannot be conducted through field experiment and direct observation (Benke et al. ) .
Owing to the increasing availabilities of digital elevation models (DEMs), geographical information system, remote sensing, and terrain analysis tools over a broad range of scales, many hydrological models have been widely used for analyzing water balance, forecasting long-range streamflow, predicting real-time flood, and investigating cli- is a real number in [0, 1] . In fact, the membership grade can be uncertain (i.e. cannot be expressed as precision information) due to change of natural condition, limitation of weather monitoring, and lack of hydrological data. For example, in hydrological models, the soil infiltration rate involves a number of processes and factors, such as seepage pattern, soil type and geologic feature; the temporal and spatial distribution characteristics of these processes and factors further lead to complex infiltration processes that vary from one location to another and can result in uncertainties in hydrological modeling. Such uncertainties may be further multiplied by the sampling error because of spatial non-uniformity of the precipitation and the small number of sampling. As a result, these parameters may be estimated as fuzzy sets with inexact membership function, leading to type-2 fuzzy sets (k l , k 0 ,k u ) (abbreviated as 
METHODOLOGY SLURP model
The canopy storage, snow storage, fast storage and slow storage, representing canopy interception, snowpack, aerated soil storage, and groundwater, respectively (Han et al. ) . In SLURP, the Granger method is used to calculate evapotranspiration E (mm) for each land cover
where Δ is the slope of the vapor pressure curve (kPa/ W C), G is the relative evaporation (dimensionless), Q N is the net radiation (mm eq./d), γ is the psychometric constant
e the vapor pressure (kPa), and e Ã a is the saturated vapor pressure at the air temperature (kPa). Snowmelt is calculated using the degree-day method. Rainfall and any snowmelt infiltrates through soil surface into the fast store depending on the current infiltration rate. If precipitation intensity exceeds the maximum possible infiltration rate, surface runoff is generated using the following equations:
where p is the precipitation intensity, t is the delay of rainfall, S 1 is the current contents of the fast store, S 1,max is the maximum capacity of the fast store and ln f max is the maximum possible infiltration rate. The subsurface flow processes are simulated using two linear reservoirs, the fast store, which may be considered as an unsaturated soil layer contributing surface runoff, and the slow store, which may be considered as a groundwater zone. Generally, the simulation of subsurface flow processes is based on the following equations:
where RP is the amount of percolation, RI is the amount of interflow, RG is the amount of groundwater flow, k 1 is the retention constant for fast store (RF), k 2 is the retention constant for slow store (RS), S 2 is the current contents for slow store, and S 2,max is the maximum contents of the slow store.
Generally, SLURP can incorporate the necessary physics while retaining comparative simplicity of operation; it has a physical mechanism which simulates hydrological cycle from precipitation to runoff, including the effects of water extractions and irrigation schemes. In hydrological modeling processes, when intensive data collection is poss- 
where x is the primary variable in domain X; u is the second- 
Type-2 fuzzy analysis technique is a class of algorithms for sampling from uncertain possibility distributions based on α-cut levels (i.e. dividing input membership domain into a series of equally spaced α-cut levels 
Since T2FS can be characterized by its two membership functions, A ≈ can be divided into its lover and upper bounds as follows:
For a type-2 fuzzy parameterized simulation model, each fuzzy parameter k ≈ i can be decomposed into m α-cuts leading to a set as
where k
represents a fuzzy dual-interval at the jth α-cut level. It can be given as
where [k 
. In other words, k i (j) would converge into a single point (peak value of parameter i) with the α-cut level increasing to 1. Assume an equal distance over u axis between each pair of neighboring α-cut levels, the membership grade u j at jth α-cut level can be given as follows:
The input-value vector c j i (i ¼ 1, 2, …, n; j ¼ 1, 2, …, m) at the jth α-cut level and ith input variable can be represented as follows:
TFSM method
The conventional hydrological simulation techniques typically expressed all parameters for hydrological modeling as deterministic values; however, practical hydrological simulation are complicated with a variety of uncertainties which are derived from spatial and temporal variations related to soil type, land use, slope, and agricultural management practice within the watershed (Zhang et al. ) . In the SLURP model, parameters, including precipitation factor (PF) that govern the soil water movement are hard to determine precisely due to lack of monitoring data. Therefore, decision makers may mostly feel more confident in estimating the value as fuzzy sets with membership function (5)- (8) can be formulated as follows:
The calibration is conducted by both a manual method and an automatic method using the Shuffle Complex Evolution algorithm developed at the University of Arizona. Table 1 shows 10 parameters for each land type of SLURP and their assigned ranges. The goodness-of-fit of the performance of the hydrological model was assessed using the Nash-Sutcliffe efficiency (NSE), determination coefficient (R 2 ), and deviation of volume (DV), defined as follows:
where H obs,i is the observed streamflow on day i; H sim,i is the simulated streamflow on day i; n is the number of simulated days, and H obs is the average measured streamflow.
STUDY AREA AND DATA
The Kaidu River Basin is located in the north margin of the Table 2 presents the values of the four parameters under different α-cut levels, which are expressed as dual intervals. PF, precipitation factor; MF, maximum capacity for fast store; RF, retention constant for fast store; RS, retention constant for slow store. To identify the effects of fuzzy parameters, the simulated annual peak flow under different α-cut levels is shown in 
because a higher PF value corresponds to a higher compensation value for the unobserved precipitation, leading to an increased streamflow associated with high level of peak flow. The simulated annual peak flow would decrease along with the MF value. This is due to the fact that MF denotes the maximum capacity of the fast store; a higher MF value is related to a highly moisture holding capacity which can lead to a low level of peak flow. Results also indicate that varied RF and RS values could also affect the peak flow; however, the variation tendency of peak flow is irregular. This is mainly because that RF related to interflow; RS related to groundwater. The two parameters indirectly affect the streamflow according to the basic equation of SLURP. Results show that estimation of streamflow in the arid region is complex due to the uncertain parameters.
CONCLUSIONS
In this study, a TFSM has been developed for assessing par- Basin; the uncertainties corresponding to snowmelt may also have an effect on the model performance. In this study, snowmelt is calculated using the degree-day considering air temperature. In fact, the process of snowmelt may also be affected by other factors such as wind speed, shortwave and longwave radiation, vapor pressure and snow depth. Thus, TFSM may be enhanced through incorporating more effective snowmelt simulation methods into its framework to address more complex uncertainties and dynamics.
